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EXECUTIVE SUMMARY

The Wideband Satellite data presently constitute the most extensive
collection of global intensity and phase scintillstion data available.

The data are being used to evaluate the scintillation-induced performance

degradation in a variety of systems, For a low orbiting satellite such

as Widebaiu, however, the structure of the scintillation data is

critically dependent on the propagation geometry. Thus, to use the
WidezLand satellite data effectively, we must have a model to separate

the purely geometrical effecty from the true source variatious,

In this report we show that an appropriately located equivalent
phase-changing screen accurately reproduces the measured phase and

intensity scintillation from individual Wideband passes. We assume that

the three-dimensional spectral density of the ionospheric irregularities

K«(2V+1)

has the form C_ . The spectral index parsmeter v and the scrength

of turbulence C, are determined by using the model calculations and the
summnary parameters that are routinely obtained from the phase scintillation

data by fitting » curve of the form '].‘f-p to the measured phase spectral
density function,

The measured average p index values fall in the range 2 < p < 3;

however, the data show a systematic difference between the auroral zone

and the equator. For the auroral-zone data, the p indices are generally

smaller and more variable than the p indices for the equatorial data,

which give values closer to the nominal value p = 3, Nonetheless, the

Kwajalein dats give somewhat smaller p values than the Ancon data,

The free parameters in the phase-screen model are the height of the

phase screen and the ivvegularity axial ratics along and transverse to

the magnetic field. We have assumed that the satellite scan velocity,

which is known, dominates the irregularity drift component. Self-
consistent fits to the measured rms phase and Sa generally require the

equivalent phase screen to be in the F region for both the auroral and
equatorial data,

-------

|
|

S el A0l T3 eSS E s

Y I

b e St AT s S U1 NG B 2L e

R TEVRRPIREL . -

it L e St

s i an

St e egeatdin e Y




TR ETERETIVR TERETEL RS ey e e A BRI UL R A AT 2t tet i &

The equatorial data are consistent with rod-1like irregularities with
a minimum axial ratic of 20:1, The auroral-zone data are generally
consistent with shee;-1ike structures aligned along L-she'ls at least for
propagation paths within the auroral oval, A detailed analysis of the

irregularity anisotropy is being independently pursued by using the
Wideband spaced recriver data.

The phase-s-reesn formulas have been greatly simplified by taking
limits as the outer scale approaches infinity and the inner scale
approaches zero. The justification for using these approximations isg
that no evidence of systematic departures from the power-law spectral
form has been found in either the Wideband data or any other reported
phase scintillation data. Thus, the cutoff scales are outside the range

of the scale sizes that affect the data, and they are properly excluded
from the analysis,

We have also used the estimated turbulence levels to determine the
rmg8 electron density perturbation that would be measured by an in-situ
be. We have founi, for example, that significant gigahertz scintil-
lation can be accouniied for by purturbations with rms electron density
levels between 1011 e-.l/m3 and 1012 e?/m3 over a 200-lon propagation path

Smaller levels discributed over a laryer path would, of course, produce
the same result,
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Phase changing screens have baen usaé to model optical and iadio-
wave scintillation phénomena throughout the development of the theovry of
scintillation (Booker et al., 1950; Bramley, 1954; Razcliffe, 1956;
Salpeter, 1967; Cronyn, 1970; Rufenach, 1975; Rumsey, 1975; Buckley,
1975). The phase?screen model ia appealing because of f{ts conceptual
and nnalvtical simplicity. It is vften argued, however, that the phasze-
screen model cannot accnraceiy descrlbe scintillation data because non-
negligible amplitude variations invariably develop within the scattering
medium (see for example Wernik, 1976; Crene, 1977),

While such arguments are essentually correct, one feels intuitively
that an appropriately located equivalent phase screen should accurately
reproduce the average properties of scintiilations thst develop both
witiuin and beyond an exterded medium. Indeed, Bramley (1977) hes
recently demonstrated by direct computation that such an equivalent
phase screen is surprisingly accurate. For irregularities with a power-
law spectral diastribution, Bramley's calculations show that the errors
made in computing the amplitude ana phase scintillation levels by using
an equivalent phase screen amount to only a fcv percent even if the
receiver lies within the scattering medium,

In this report we shall demonstrate that the phase-screen model
accurately reproduces both the level and the propagation geometry depén-
dence of ionospheric scintillation dats obtained from the Wideband satel-
lite. Dats have bzen acquired from auroral zone and equatorial stations.
The auroral-zone data preseat a compliceted, rapidly changing propagation
geometry combilned with extreme source variations. The equatorial data
provided exemples of the gigahertz scin'.ilation phenomena that have

recently received considerable attentiun (Basv et al.,, 1976; Costa and
Kelley, 1976).
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We ehall coniider only weak scattering in this report, 7This is not

overly restrictive because saturated scintillation at L-band is observed

_ A e

only occasionally. Nonetheless, even under conditions of strong scattering,
the phase-screen model remains the simplest nieans of obtaining flexible

yet tractable vcesults, particularly in a power-law scattering environment
(Gochelashvili and Shishov, 1971; Taylor, 1972; and Rumsey, 1975).

e W

Phase scintjllation data are used in the model calculations
? essentially to determine the rms phase ler 1 for the phase-changing

screen, Indeed, the potential of differential phase measurements has

and absolute total (integrated) electron content (TEC) (Leitinger et al.,
1975).

1
{
been recognized for some time as an accurate means of measuring relative j

AT T, -

A T L

The principle of the differential phase technique is simply that

large-scale phase variations are directly proportional to wavelength

times the TEC along the propagation path, The more rapidly changing

phase scintillations can be thought of as TEC noise, To some extent,

diffraction effects rnast ultimately upset the simple proportionality '
between phase and wavelength times TEC, An important finding from the
Wideband data is that under conditions of weak scattering, diffraction

P A Rt i R el it
-

effects in the phase data are ..egligible to time scales substantially i
shorter than the characteristic intensity fading period.

If diffraction effects were indeed important, one would expeci the
phase scintillation to be sensitive to changes in Fresnel radius and thus f
vary ronlinearly with wavelength. Yet, we have consistently observed a
nearly linear wavelength dependence of rms phase except under the most

severe scattering conditions (Fremouw et al.,, 1978). We conclude that

under conditions of weak scattering the diffraction effects in the phase F
data can be largely ignored. We shall demonstrate this in Section II by ;

comparing simultaneously recorded phase data at different frequencies.

A second important finding in both the Wideband data and other
differential phase measurements (Crane, 1976) is that the differential

phase spectrum admits a power-law representation with no intrinsic low-

frequency cutoff (outer scale). The range of the power-law continuum has

PRI TRT Vs A i i
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recently been discussed by Yeh and Liu (1977), The fact that we are
deali'.g with a power-law continuum with an inaccessible outer scale has
important consequences for data interpretation. Indeed, neither an
inner scale nor an outer-scale cutoff has been detected in any scintil-
lation data reported to date, It follows that such parameters need not

enter a properly formulated scintillation theory.

The inner-scale cutoff does not affect the amplitude or phase
scintillation data because it occurs well below the noise level, 1In

the Appendix we present a simple formula that allows us to correct the

o s T e K i B A0 sitn Lm;mw.aﬁ»m

intensity scintillation index S4 for noise contamination. Nc correction

i8 necessary for the phase data.

If the outer-scale cutoff 1s large compared to the Fresnel radius,

the diffraction process removes any influence that large scale structure ’

might have in the intensity scintillation data, In the phase data the

detrending procedure that is used to remove TEC-induced slow phase trends E

dictates the low-frequency cutoff of the spectrum. Under conditions of

both weak and strong scattering, Fresnel filtering introduces an intrinsic

R R e

low-frequency cutoff in intensity scintilletion data., Thus, since the

outer scale has not been detected in phase scintillation data, it follows

g At 2 1

a fortiori that the outer scale has no direct influence on intensity

T

scintillation data. We shall see in Section III that if one taskes this
fact into account at the ouvtset, the theory is considerably simplified.

ot ari A e 15k

In Section IV we apply the power-law phase-screen theory to Wideband

equa*torial and auroral data, We show that whenever the model accurately

reproduces the rms phase data, there is a set of anlisotropy parameiers
and an equivalent phase screen height that will accurately reproduce the

measured S4 values as long as S4 < 0.4 For larger S4 values the weak-

i ‘ scatter theory overestimates S,.
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By using the phase-screen model we can estimate the in-situ rms
electron density verturbation level that is consistent with the scintil-
lation data. In Section V ";. show that gigahertz scintillation can be
easily explained with rms electron density perturtations between

1011 el/m3 and 1012 e1/m3 distributed over a 200-km layer,
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IT PHASE SCINTILLATION

In this section we shall first review a general model that completely
characterizes the structure of th: phase scintillation exclusive of
diffraction effects, We shall then compute the form of the one-dimensional
phase power spectrum, which can actually be measured, From the form of
the phase power spectrum we deduce the relstionship that converts the
measured power in a given frequency interval to an electron der-ity

perturbation level in the corresponding spatial frequency regime.

We also calculate the form of the measurable rms phase and discuss
the consequences of the inaccessible outer scale wavenumber. Finally, we
present some examples that show the extent to which diffraction effects

are detectable in phase data under conditions of weak scattering.

The zeroth-order approximation to the differential phase 88 4s given

by the integral along the propagation path

5@ = -re)\jANe ds (1 - (f/fr)z) + terms that depend (1)
on Az
where r_ 1s the classical electron radius, A is the wavelength (fA = c,
where c is the velocity of light), £, is the reference frequency, and
ON, is the local electron density perturbaticn., For the moment, let us
assume that £ 1s infinite and that Az-dependent terms in Eq. (1) are
indeed negligible.

In Rino and Fremouw (1977) it is shown that the phase autocorrelation

function derived from Eq. (1) has the general form

-t

R6¢(A-58) = rzlzL seczejJ,QAN (-K., -tan 8 ;kr .?) cos (
e

where L is the layer thickness

-d L d -

Lo, = Lp - tan 0 .kT Pa ;

11
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:kT = (cos @, sin @) . %)

The angles & and @ are, respectively, the zenith and magnetic azimuth
angles of the propagation vector k. W2 note that ‘kT lies along the
horizontal projection of k. The z axis of the reference coordinate
system is downward-directed and the xz plane comtains the local geo-
magnetic meridian.

We note that Eq. (2) is a fully three-dimensional characterization
of the phase structure. The Az dependence is contained in A;‘. In
Eq. (2) ‘ANe(?’kz) is the three-dimensional spectral-density functioa
(SDF) of the irregularities. 1In Rino and Fremouw (1977), it is showa
that for a fairly general anisotropy model, the SDF in Eq. (2) has the

form
3 (K, -tan 8 & . ¥) = ab (ANY Q (AXZ + BK K+ cK?) 5)
ANt kg e x Txy y’ °

The parameters a and b are axial ratios along and traansverse to the
principal irregularity axis. The coefficients A, B, snd C depend on the
propagation angles relative to the principal irregularity axis (see

Eq. (41) in Rino and Fremouw, 1977).

The furction Q(q) gives the shape of the SDF. It i{s normalized so
that I q G(q) dq/(2n2) = 1, Thus, for a power-law SDF we can take

832 T + 1/2)/T(V - g2

Qq) = .
s 2Vt 1/2
lq, + a1

If we make the definition

c =82 (/‘Ji)qiv'z Fv + 1/2)/TC - 1)

it follows that QANe(K,Kz) - CBK'(ZV+1) for K >> q,° The parameter

C! will be referred to as the strength of turbulence.
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Now, if we substitute Eq. (5) and Eq. (6) into Eq. (2) and chauge
variables, the result is

e a2 (®
x
N o V172

2+ 9%

2,2
RMS(Y) - ral L sec 8 G c,

{q

ab

G = — 9)
VAC - 32/4 cos @

and y 1is replaced by f(A;a) vhere

- wsz B w. ml + wﬂz
o) = —E——E X x . gy
AC - B'/4

A discussion of Eq. (8) that describes its relation to the Briggs and
Parkin (1963) formulation is given i{n Rino and Premouw (1977).

The integral in Bq. (8) caa be evaluated giving the result

a O1/2)- 1/2&_;]2 (1.9

an
22 2" Y2 rv 4 172) |

R5¢(y) = r:lzL sec 6 G Cs

where Q(x) is the modified Bessel function. In an actual experiment,

we would measure a temporal autocorrelation of the form R6¢(vaff 6t) where

/2
Cvz - Bv. v + AVZJl
) 8 8 8

v . =|—=X X v 12)
Sl I T a—
and
v -;T-tnnO;kTvz . (13)

Finally, V= (.;T,vz) is the relative scan velocity at the ionospheric
penetration point induced by both the source motion and the irregularity
drifts. The effective scan velocity parameter Vegg Cennot be larger than
v. However, v, .. can be substantially smailer than v--for example, if the
scan direction is along the principal irregularity.

13
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‘ nnu we dow bonsiétr the tclporal povur spect?un of phuaa uhich is |
defined by the nxprcs:iou ' .

o) = | R“(%ﬁ"&e'}g{x«w“ i’zﬁﬂw“d st .. s,
-0 o | o

Substituting Bq. (11) into Bq. (14) and evalusting the integral gives

©(£) = rzazn sec 8 G C, rev) S .15
, 2/x TOW1/2) v oy [q + @ntlv H) }

Now, recalling the lefinition of the C pazumgta~ [Bq. (7)], we make
the analogous defiaition

T = 1202 (L sec 0) G C, “/52@{"’ — ) (16)
(2x) r(vw+1/2)
so that wvhenever (-“-/v ) > 3,9 nEY = Tf”zv. Az 2 check on the

computations, we ncte thut the speciral index of the one~dimensional
phase spectrum, 2v, is one less than the corresponding spectral index of
the three-dimensionsl irregularity spectrum, 2vt+l [see Eq. (€)i.
Equation (16) shows that the phase scint{llation level depends critically
on the nropagation geomntryi perticularly through G and Vepgr @8 well as

the relative Scen velocity v,

To continue, we note that a detrending procedure (essentially a
higho-pass filter) must be applied to separate the slow TEC-inducad trend-
1ike phase variations from the more rapid phase scintillations. It is
this detrending procedurs that dictates the‘smallest measurable temporal
frequency component in $(f)--say, fc” Since we have found no systematic
intrinsic coetoff cutoff in the spectyum, we must conclude that the in-
equality (2“fc/veff) > 1, always holds., It follows that tle only '
unambiguous characterization of the phase spectrum {g in terms of che
pargmaters T and p = 2v, which are routinely measured in the Wideband data

reduction (Fremouw et al., 1978).




Tha consequences of this fsc: are importemt, First, oo absolute
velue or even upper bound can de assigned Lo the phase variunce, The
messured phaie variance is reasotably well approximated by vhe formula

(532 =1 5 “2 =5 =T f;"*l Jr Te-1/2) (an
o[£+ £2] re)
‘From Eq. (16) and Eq. (i7) 4t follows thac
(63%) « 22(L sec 0) G veff("'” ) (18)

Now, if we take the 1imit of Eq. (11) as y -+ O or integrate Q(f) over 21l
frequencies, we obtain the ideal phase variance

- 2941
re-1/2)
2 2.2 0
8 = ¢ ; :
(s8¢ > v A" (L sec 8) G C, T Torin (19)

which is the conventional rms phase expression,

To properly interpret ioncspheric phase scintiiiation data, Eg. (18)
must be used, The principal difference bdetween Eqs. (18) amd (19) ir

the devendence of the former on Vegf® Indeed, Vit devends critically
on altitude, Hence, the measured rms phase will also depend on altitude.

To summerize, &n unambiguous characterization of phase scintillation
data can be cbtained only in terms of the spectral strerngth psrsmeter T
and the spectral index p. If we can estimate the snisotropy and drift
of the ionospheric irregularities, Eq. (16) can be used to estimate the
strength of turbulence C8 whichk, as with T itself, is presencly th: only
unamhiguous average parameter that c¢sn be used to characterire the
gpectral strength of the ionospheric irregularities.

We have assumed in this analyeis that diffvaction effects in the
phase data are negligible.' In Fremouw et al. (197§), {t is shown that
the measured rms ph&se, when corrected for the finite reference fre.
quency [Eq. (11)], varies linearly with wavelength., We shall now show
that under conditions of weak ecatter the detailed structure of the phase
itself scales with frequency as predicted by Eq. (1) to periods shorter

than one second.
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phase spectrum and the spectrum of the VHF-UU3 phase difference.

4 confined to frequencies greater than 1 Hz.
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In l‘igure 1 we show a typical VY phase acintillation record. The
rav phase data have been detrended to remove phase variationme with periods

greator then 10 s (f, = 0.1 Hz). Before 0920 .T the 8§, scintillation

4
index is less than 04, In Figure 2 we show on an expsnded scale the

differences between the phase at the indicated lower frequencies and the
scaled phase at the indicated higher frequencies. The desigrations UL3

and UU3 denote, respectively, the lowest and highest of seven equispaced
UHF frequencies. One can see that prior to 0920 UT the large-scale phase

variations are completely supprecsed, and therefore unaffected by dif-
fraction,

3n

20 b

RADIANS

0918 0012

TIME, UT
CA-6434-1

FIGURE 1 SEGMENT OF DETRCNDED PHASE DATA (f, = 0.1 Hz) FROM

WIDEBAND PASS 6-33 RECORDED AT POKER FLAT, ALASKA

To demcustrate this quantitatively, in Figure 3 we show the VHF

Below

Hz there is essentially 20 dB of caucellation. Beyond 30 Kz, the phase

e difference spectrum is ~ 3 dR above the VHF phase spectrum indicating
total decorrelation,

We see that the diffraction effects are largely

Huwever, the dominant

spectral content comes from frequencies below 1 Hz, which explains why

| the rms phase follows the linear wavelength dependence so accurately.

.!,‘.' T

5 e aidind? ik

e h




(a) VHF-UU3 (Af = 300 MH2)
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(b) UL3-UU3 (Af = 68 MHz2)
w2 — -

RADIANS
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- | l

0918 0919 0920
TIME, UT
C4-8434-2
\ FIGURE 2 DIFFERENCE BETWEEN MEASURED PHASE AT LOW FREQUENCY AND SCALEL
I’ PHASE FROM HIGHER FREQUENCY FOR SEGMENT OF POKER FLAT PASS 6-38
17
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PHASE DIFFERENCE

Lttt o4
0.1 1.0 10

FREQUENCY — Hz

FIGURE 3 SPECTRAL DENSITY OF VHF PH/3E AND VHF-UU3 PHASE DIFFERENCE
FOR 20-s DATA RECORD FROM POKER FLAT PASS 6-36 AT ABOUT
0919 UT

We also conclude from Figure 3 that errors in T due to diffraction,

which act to flatten the spectrum, are less severe than the corresponding
errors in p., Strong scatter effects, which are evident in Figure 2(:)
after 0920 UT, also generate mainly high-frequency components. Ultimately,
strong-scatter effects will drive the phase spectrum toward f-z. By
careful processing and data interpretation, we can usually rocognize and

avoid erroneous T and p values.
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ITI INTENSITY SCINTILLATION

In this section we shall develop the form of the 84 scintillation
index in the limit of an infinitely large outer-scale cutoff, ‘'this
limit is well defined becsute Tresnel filtering suppresses the ceuatri-
bution of iarge-scale components, The resulte take a fairly simple
analytic form that properly accounts for the propagation-angle dependence
of the scintillation., In Rufenach's (1975) formulas, which retain an

explicit dependence on the outer scale, the anglc dependence i& intvoduced
in an ad hoc manner,

We shall characterize the amplitude scintillatiom by the second-
order mcments of intensity. However, under the assumed weak-scatter
conditions, the amplitude and log-amplitude are simply related. TFor
example, the scintillation index S,, which is the normalized rms intensity,

{8 twice the rms amplitude index. The intensity autocorrelation function
corresponding to Eq. (2) is

R (Ap ) = l;rzlz L sec 9ﬁ (K -tan "‘r

X sin2 (h(-l.c‘)Z) cos (E . Azs) dK 3 (20)
(2n)
where
h(®) = k2 - t:m2 e(ikr . N:)2 @1
and
Az gec O
Z = ——-;';-;—— (22)

The square of the S, scintillstion index is derived from Eq. (20)
by letting Ap = 0, If we sudstitute Kqs. (5) and (S) into Eq. (20),
use Eq. (7), and then change variables, we obtain the simpler expresasion
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C
2 2,2 g
sa n Arex (L sac 0) abj] V+1/2
[qo + (&' q + B'q Ky * € q 2y

6q, dy
X sin [(q +q 2y5) =X 5 2;1 (23)

The coefficients A’, B', and C’ are related tc A, B, and C by Eq. (51) in
in ino and Fremouw (1977) where it is shown that Eq. (23) is equivalent

to the Briggs-Parkin formula as generalired by Singleton (1973) [see also
Rufenach (1975) and Costa and Kelley (1976)].

As it stands, Eq. (23] cannot be evaluated snalytically. Rufenach
(1975) and Costa and Kelley (1976) have used a siightly modified form of
Eq. (23), which can be evaluated when V = 1,5, However, from the discus-
sion in Section I, it follows that for ionosphcric scintillstion,

ZQ: << 1. Thus, it is a good appruximation to take

2 . 2, veryeff a0’ @) a1 80 e ™%
54 - ar a (L sec 8) c Z JJ 173

@A’ q + B'qqu + C"‘y)

(24)

which is the limiting form of Eq. (23) as q, = 0. Hereafter, we shall
Jenote the double integrsl in Eq. (24) by I.

To evaluate I. we ficrst perform a rotation of coordinates to remove
the qqu term. The result i¢

H &b etn® (¢7) dq dq /(0)°
I =

e + c'qz)v " >
x Y
where
A =2A" + ¢+ D) (268)
¢’ - %—[A' + ¢’ +p') (26b)
and
! - /(A’ -ch?+? (26¢)

We note that A" = ¢”.
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Now, I is saparable such that after a serics of nﬁqipulatiqhsg?

w/?

" (A - (A"-c} un a)
The integral cver q is well known for ncatntring by 1nottdpic triégh~,.
lavitfes., The integral over ¢ proporly sccounts for the geometrical
effects of anisotropic 1rra;ular1tias. In somtraet, Rufenach {(1%75)
introduced an ad hoc multiplicative geometrical fsctor to account for
snisotropic irregularities, By avaluating the integral cver q and
substituting Bq. (27) into Eg, (24) we have

2

,r(1:2!§c°, [n(1-2v)/4]
&4 = érikz(L sec 9) C z’ -1/2 2

—lr  ae
20 - T -
where
3 2 zb ﬁlz d¢ (29)
- a (V+1/2) J ’ ” v +1/2
A o [ - A : C. oin? é]
A

The integral in Eq. (29) can be evaluated in terms of the hyper-
geometrical function ,F, (a, B; v; z) (see Gradshteyn and Ryzhik, 1965;
Formula 3.681). To avoid convergence problems when A >> C', however,
we have applied th; iransformation

o=
2

o @,B;v;2) = (1-2)”" Fo(vea, v-B, v; x) . (30)

Making the appropriate substitutions, J can be evaluated as

# 4
H (1/2 v, 1/2, 1; -‘L-:-‘-’—) (31)
Ad

Mfw'c Y 2 1
lim

Now, =1 2 1(1/2 =V, 1/2, 1; 2) = rev)/ Wx ¢y +1/2)). By direct
computation from Eq. (27) when a >> 1, it can be siiown that this limit
is correct,

1= | ¥ anl (qz)«L: ey :tzj)
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To summarisa, RBqs. (26), (28), and (31) can be used to evaluate the
scintillation index under condit‘ons of weak scattering in terms of ca,
vV, Z, and the propagation geometry. We note that the wavelength depen-
dence of Sy, implied by Rq. (28) is Sa o A€V¢1.S)/2. Thue, 1f v = 1,5,
which corresponds to @(f) < g3

dependence typically reported for ioaospheric data.

» S, = 11‘5, the nominal wavelength

By using Eq. (16), we can write Eq. (28) in the equivalant form

2

5, = qr2V~1/2 cv) @/r) v.ff'(zv'” (32)

where

r(52)con txar-2v)4) rot1/2) @200
C(\)) »n e
ey v 26 T )72

. (33)

If we note that the units of T are radians squared per hertz raised to
the 2V + 1 power, it is easily verified that Eq. (32) is dfmensionslly
consistent. We also see from Fq. (32) that for a fixed rms phase level,
s4 varies inversely with veff, which increases with increasing height.
Thus, while the factor zV-1/2 acts to increase S, with increasing height,
the decreasing factor veff-(zv-l) dominates and S4 actually decreases,
As we shall see, this effect is important in interpreting the Wideband
satellite data,

22
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IV APPLICATION TO WIDEBAND SATELLITE DATA

A. General

We shall now apply the phase-screen model to the interpretation of
Wideband satellite data, As discussed in Fremouw et al. (1978), we
routinely measure the phase SDF at VHF (137 MHz) and UHF (378.6 MHz),

The spectral estimates are smoothed, after which a log-linear least-
squares fit is applied to determine the spectral strength parameter T and
the spectral index p. Thus, ¢¢(f) f‘Tf-pTover the significant portion of
the phase SDF. The frequency limits for the fit are carefully chosen to
minimize noise contamination and detrend filter effects.

We chall first apply Eq. (17) to compare the calculated and measured
rms phase, If the two results agree, we can be confident that the phase
SDF is indeed accurately modeled by the power-law form. Thus, this first

step is mainly a consietency check for the basic parametess T and p.

The next step is to apply Eq. (32) to compute S4 for comparison with
its measured value. To evaluate Eq. (32), however, we must speclfy the
height of the phase screen, =z, the relative scan velocity, ;5 and the
anisotropy parameters a, b, §, where a is the axial ratio slong the
magnetic field, b is the axial ratio transverse to the magnetic field,
and § is the orilentation of the transverse axis such that § = 0 for

geomagnetic east-west sheets {see Rino and Fremouw, 1977),

In our routine summary analysis we calculate the satellite component
of the relative scan velocity and the propagation angles at two reference
altitudes--namely, 110 km and 350 lkm, Thus, if the satellite component
dominates the irregularity drifts we can compute SA at E- and F-region
altitudes for different anisotropy paraneters., When we achieve a good
fit to the data, we can remove the geometrical facters in Eg. (16) to

estimate the strength of turbulence times the layer thickness LCB.
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Becrucse we have no direct means of determining the effestive layer

Tt

thickness, LCS is the most basic measure of the irregularity strength,

For display purposes, however, we shail specify a representative layer

¥

3
d
]

thickness from which an actual value for Ca can be obtained. The inter-
pretation of Cq will be discussed in Section V. ‘

B. Equatorial

Before considering individual passes, it is useful to look at the

average behavior of the spectral index p. As we noted in Section II,

the measured value of p is sensitive to noise contauinetion under

' e ——re® ai"*.‘-f-vw,n—«

A waioditoh - P it i

conditions of weak scattering and to diffraction effects under conditions

of strong scattering., To demonctrate these effects, we have plotted

the average value of p versus S, for a representative set of passes.

The Ancon data are shown in Figure 4, The measured p index achieves

a maximum value near but slightly less than 3 for sa values between 0.4

ro i 2 cabttipiae e e i

and 0,6, Noise contamination gnd diffraction effects cause the respective

I
)
y
H
A
reductions of the measured p values f-r weak (S4 < 0.4, and strong ]

(s4 > 0.6) fading levels, The waveleagth dependence of S4 under conditions
of wesk scattering nrovides an indeperdent means of verifying the value

of p.
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CA4-8434-4

FIGURE 4 AVERAGE VALUE OF p FOR Sq4 VALUES WITHIN THE
INTERVALS 0.2 n € S§4 < 0.2(n + 1) AS DERIVED FROM
ANCON DATA. The UHF and VHF curves are computed

l separately.
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In Figure 5 we show a scatter diagram of Ancon 34 velues measured
at VHF and UHF. The paucity of data between sa = 0,2 and s4 = 0,5 18
due to the tendency of the equatorial VHF scintillation to be either

1.5 curve, which

weak or strong (Livirgston, 1978). 1In any case, the A
corresponds to p = 3, fits the data quite well. The fit is more striking

in Figure 6, where we have plotted S4 at UHF against s4 at L band,

12 | [ e | | | -]
1.5 L
(J ) ‘ ® o ®
10 — — 4 — 9 — o 00— S —
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° o.. o ® ®
08 \.{; i ° —
o o ® o
®
u ®
3
> 06 —
-
[ 9]
0.4 —
0.2 _
0 ] ] 1 1 |
02 0.4 06 0.8 1.0 12
S, UHF
C4-5434-5

FIGURE 5 SCATTER DIAGRAM OF S4 AT VHF vs Sq4 AT UHF FOR
A SUBSET OF THE ANCON PASSES USED IN GENERATING
THE CUKVES IN FIGURE 4

The average p values for the Kwajalein data show behavior similar to

%{' ' to that of the Ancon data (see Figure 7). However, the maximum average

iii p value falls distinctly below p = 3. The corresponding shallower wave-

;\? length dependence ~f S4 is consistent with a smaller p index as shown in
Figures 8 and Y where we have plotted the S4 scatter diegrems for VHF
versus UHF, and UHF versus L band, Thus, it appears that the phase spectra
obtained from the Kwajalein data are syetematically flatter than the phase

spectrs obtained firom the Ancon data.
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FIGURE 8 SCATTER DIAGRAM OF S4 AT UHF vs Sa AT |-BAND
FOR A SUBSET OF THE ANCON PASSES JSED IN
GENERATING THE CURVES IN FIGURE 4

In both the Ancon data (Figures 5 and 6) and the Kwajalein data
(Figures 8 and 9) saturation of the intensity scintillation spparently
occurs for an S4 value less than unity. (&n S4 value of unity corres-
ponds to Rayleigh fading.) This effect {3 due to our detrending operation,
which is applied separately to intensity and phase., The strong fading
data from the equatnrial stations evideutly contained significant Fourier
components beyond the 10 s cutoff of the detrend flilter. This will not
be a problem for our analysis here because wc are considering only weak-

scatter data ir this report.

In Figure 10 we show the phase and intensity scintillation data for
a disturbed nighttime Ancon Wideband pass together with a set of theoret-
ical calculations of S, and Oge Consider first the rms phase., We see
that v = 1,3 gives as good a fit to the data as the v = 1,5 curve, which
corresponds to an f"3 phase SDF. As we have already noted, diffraction
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FiGURE 7 AVERAGE VALUES OF p FOR S4 VALMJES WITHIN THE INTERVALS
0.2 n €84 <0.2(n + 1) AS DERIVED FROM KWAJALEIN DATA

effects cause a flattening of the phase SDF, which explains the dis-
crepancy between the messured and calculated rms phase after ~ 0345 UT,

The F-region 54 curve in Figure 10 for v = 1,3 comes clocer to the
measured sa curve than the covresponding v = 1,5 curve., However, in
the regime where s4 is small and we expect the wegk-scatter theory to be
applicable, the theoretical curve gives a result that is consistently too
large, As we noted at the end ¢f Section III, however, raising the
equivalent phase screen heigh< lowers S‘,+ for a specified rms phase lev:l,

Thus, we believe that the 54 discrepancy in Figure 10 is due to
the 350-lm reference altitude being too low. iUnfortunately, the pripa-
gation angles are only computed for two heights, Nonetheless, in
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FIGURE 8 SCATTER DIAGRAM OF S4 AT VHF vs S4 AT UHF FOR A SUBSET OF THE
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KWAJALEIM PASSES USED IN GENERATING THE CURVES IN FIGURE 7
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1.2

SCATTER DIAGRAM OF G4 AT UHF vs S3 AT L-BAND
FOR A SUBSET OF THE KWAJALEIN PASSES USED IN
GENERATING THE CURVES IN FIGURE 7
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Figure 10 we show the caiculations for the E-region reference altitude,
Again, the large 84 estimates for the E-region sre due to the smaller scan
velocities [see Eq. (32)]. Finally, the large overestimates of 84 when

S4 is greater than ~ 0,4 are due to the fact that the weak-scatter theory
does not allow for multiple scattering.

To illustrate the axial-ratio dependence of 34 we have used the
geometry for Ancon Pass 29-7, but have assigned a fixed value to C

8
Tne corresponding S4 values for isotropic irregularities and axial

ratios of 5:1 and 100:1 are shown in Figure 11. Both the variation of
Sa with changing propagation geometry and the magnitude of sa decrease
with increasing sxial ratio until the axial ratio exceeds 10:1. Beyond
10:1, the §, index for the equatorial geoﬁetry does not exhibit an axial
ratio dependence. The diffraction is then effectively two-dimensional,
as discussed in Section III,

To complete the equatorial examples from Ancon, we have selected
three additional passes and applied the nominal F-region geometry with
V = 1,4 and a 100:1 axial ratio. The results are shown in Figures 12,
13, and 14, In Figure 12, the calculated s4 values fall slightly below
the measured values. For such low sa values, noise contamination is a
possible explanatica (see Appendix), However, increasing the v value
and/or lowering the reference altitude will tend to increase the mudel

values as we have noted.

In Figure 13, the measured 54 values are significantly larger tchan
those shown in Figu:-e 12. Thus, we expect the model calculations to over-
estimate 84. There 1s a gener. 1 tendency for the measured phase to fall
below the theoretical curve, which is evidentiy the diffraction effect
we have already noted. Nonetheless, the Cq values should be roughly
correct, and indicative of the turbulence levels required to produce
significant gigahertz scintillation, The data set shown in Figure 14
falls between the extremes shown in Figure 12 and 13. The overall fit
in Figure 14 1is quite good.

Turning now to the Kwajalein data, in Figure 15 we show a typical
disturbed nighttime pass. The rms phase calculations for vV = 1,25 clearly
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L mat an a4

fit the rms phase data better than the calculations using V = 1.5, As with
the Ancon data, however, there is a tendency for the F-region sa curve to
slightly overestimate the data which we have attributed to increased

layer height. Thvs, the only systematic difference between the Ancon

and Kwajalein data that can be ascertained from the first-order moments

18 the lower phase spectral index--p ~ 2.5 for Kwajalein versus p~ 2.8

for Ancon, This difference implies somewhat sharper phase gradients in

the Kwajalein data than in the Ancon data.

As a final comment on the equator data, we have not made direct
computations at l-band because the L-band phasa data are not routinely
Fourier analyzed. On the other hand, we have verified the wavelength
dependence of S, between UHF and L-band in Figures 6 and 9, Moreover,
even if UHF is near saturation, the phase scintillation ard/or T can be
frequency sceled with a high degree of accuracy, Thus, the self-
consistent intensity and phase calculations at UHF can be accurately

extrapolated to L-band. An example 18 presented in Section V,

C. /wuroral

The interpretation of the aurorsgl-zone data is complicated by the
rapidly changing propagation geometry, Moreover, auroral-zone scintil-
lations are typically associated with extreme variations in perturbation
strength, albeit at substantially smaller levels than the equatorial
data, As with the equator data, we begin hy considering the general
behavior of the spectral index.

A plot of p versus S4 for a representative sampling of Poker Flat
passes is shown in Figure 16, Here the average spectral index obtained
from the VHF phase spectra is less than 2.5, A set of disturbed passes
were used to obtain the UHF values, which tend to give 8 siightiy larger
p index. Thus, there may be a systematic steepening nf the auroral phase
spectra with increasing perturbation scrength, or associated with those
events that produce significant UHF scintillation.

In ganeral, it appears that the auroral data tend to show even

steeper phase gradients than the equatorial data from Kwajalein.
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FIGURE 16 AVERAGE VALUE OF p vs §4 AS IN FIGURES 4
AND 7. The VHF data are derived from 50 repre-
sentative Poker Flat passes. The UHF data are
derived from four disturbed Poker Flat passes.

However, the auroral data heve shown considerably more variability in

the measured p index and the overall structurc ¢f the scintillatfon,
This is evident in the scatter diagram of S5 values at UHF versus §,
values at VHF shown in Figure 17. The A+25 curve corresponds to a p
index value of 2, which is more typical of reported in-situ measurements
than phase scintillation measurements,

As a flxst detalled example of auroral-zone data, we have selected

w"f.’—-—.' wrapernig 4’
e ailt i e

a nearly overhead pass with an isoiated scintillation enhancement near
the point o. closest approzch to the magnetic zenith, Such events are
cownonly observed under conditions of moderate auroral activity. The
pattern of these events in passes to the east and west of the station is

such that they tend to occur where the propagation path lies within the

local L-shell, Thus, wea have hypothesized a sheet-like anisotropy for
the irregularities. h

In Figure 18 we show the data and theoretical calculations. for east-
west-aligned sheets with a = b = 10 (10:10:1 notationélly) at E- and F-

region reference altitudes, The rms phasc calculation using vV = 1,25

-

r i
’ ” o

fits the data very well excepc near the localized enhancement. Here the
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FIGURE 17 SCATTER DIAGRAM OF Sq MEASURED AT VHF vs
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PASSES USED IN GENERATING THE UHF CURVE IN ,
FIGURE 16 :

phase SDF steepens such that p = 3, We believe this effect 18 due to the
nonstationarity induced by the rapidly changing propagation geometry.

Indeed, a purely geometrical effect should produce no change in the

i spectral shape.

The E~region and F-region S4 curve- for 10:10:1 sheets tend to
bracket the data near the enhanccmant., Hernce, if the 10:10:1 sheet model

,“( is correct, the equivalent phase screen must be placed between the E-

and F-region reference altitudes. We note, however, that both calculations

‘ F ‘ underestimate the measurec S, values at the extremes of the pass. Rod-

!L like irregularities, howecver, fit the data quite well,
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We have hypothesized that the sheet-like structures, which are
independently verified by analysis of the Wideband spaced-receiver data
(Rino and Livingston, 1978), are confined to the region of the diffuse
(continuous) and discrete aurora. Outside these precipitation regions,
the irregularity structures are more nearly rod-like, To illustrate this
possibility, we also show the theoretical curve for 8:4:1 sheets in
Figure 18, The 8:4:1 curve underestimates the enhancement, but fits the

extremes quite well,

Now, it has been noted from the earliest Wideband data (Fremouw et
al,, 197”% that the auroral-zone data show 2 large number of events in
which the phase scintillation level is much larger thaen the corresponding
intensity scintillation level, even though the latter remains in the
weak-scatter regime. The geometrical enhancement produces such an effect,
The rms-phase-to-5, ratio at the rms phase peak for the data in Figure 18
approaches 4,0. We shall see, however, that there are other events that
produce large rms phase enhancements witnout a proportionatée enhancement

in 84.

In Figure 19 we show an example of a disturbed low-elevation pass.
The rms phase data fit the ¥ = 1.25 curwve better thsn the V = 1,5 curve,
Near 0912 UT, diffraction effects tend to reduce‘the measured rms phase
below the predicted value just as in the equator dats. The predicted S,
values for the F-regio. 10:10:1 sheet mode) fit the measured data very
well in the region between 0909 UT and 0911 UT. Before 0909, however,
the theoretical F-region calculations undecestimate the measured values
of SA and the E-region calculations give a better fit. For completeness,
we also show the V = 1,5 F-region curve, which clearly gives a poorer fit

to the measured S4 curve as well as to the rms phase data.

The change in structure that occurs at 0909 UT is evidently dve to
an increase in height of the correspondiang irregularities. Recall that
for a given phase scintillation level, the self-consistent Sa value
decreases with increasing height, and vice versa, This implirs that
increasing the layer height tends to enhance the ratio of phase to

amplitude scintillation, Unlike the geometrical enhancement, however, a
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change in irregularity height would produce a roughly equivalent increaee

in the equatorial and auroral date., We noted one such event in Figure 10,

In Figure 20 we show enother example of a higl.-elevatioa pass, but
with a strong pertuxbation present, With the exception of the regions ‘
of large 3, values, the F-regidn calculations with Vv = 1,25 and v = 1,5 '?
fit the data reasonably well, However, batween 1052 and 1054 UT the \
v = 1,25 curve underestimates the rms phase while the V = 1.5 curve cver- . §
estimates the rms phase, Allowing for diffraction effects, ther« is

evidence here of a systematic change in the phase spectrum within the ‘§
pass, 3

In Figure 21 we show a more severe evampie of such an effect. We
see that the rms phase enhancemonts are badly underestimated by the
theoretical calculations, particularly between 0948 UT aud 0952 UT. We
believe thet this is due to rapidly changing perturbation structures

ST J

S i

that do not reedily admit a homogeneous spectral representation, rather P
than to some fundamental change in irregularity development leading a x
nou~-power-'agw spectral distribution., Either way, the effect i{s to produce ‘

large phase excursions without a proportionate increase in §,.

Such eventz are not uncommon in the auroral data. However, while
they are not properly characterized using signal moments calculated
urder the weak-scatter theogy, the measured anisotropy and relative
pattern drifts obtained from the spaced reccziver data arc well behaved
(see Rino and Iivingston, 1978). It is frcm such an analysis that the
E-region model with a = 8 and b =4 ip Figure 21 was deduced. It is
interesting that in spite of the poor fit to the rms phase data, the
E-region mrdcl caiculations fit the Sa data reasonably well,

e o AERETCT. T VAT i | !W’ *’
A A ke NN L e e R

To summarize the auroral data, we have shown that as long as the
e phase data fit the power-law model and S4 is less than 0.4, the
weak~scatter pover~law phase-gcreen mocdel gives self-consistent results

for rms phase and intensity with an appropriate choice of irregularity

o e e e A

(phase-screen) height snd irregularity anisotropy. Indeed, the model {s
particularly sensitive to irregularity height and detailed anisotropy.
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We have taken P-region irregularities with e 10:10:1 sheet-like
anisotropy as representative of aurorll-:onc.1tr03u1¢t£tius. However,
we have not attempted to demonstrate unaquivocally here that the shest
model, as opposed to a simple rod-like anisotrop;, is corract. A
separate report will address the irregularity anisotropy iu detail. 4
poini to be made here, however, is that wherever a localizcd geomstrical

enhaucement occurs, the rms phase increases more rapidly than the increase
in 840 ) o

We have also shown non~geometry-associated events that produce
large rms phase euhancements without a proportionate 8, increase. Such
events show pronounced departures from the simple power-law model we
have employed in our analysis, Hence, the theory is inappropriste in
such cases, We belicve that such events are representative of uvndeveloped
turbulence, A smooth at voral arc is repiesentative of a structure that

can produce large localized phase enhancements without a proportionate

increase in 84. It is clear that such structures are not appropriately

characterized by second-order moments.
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V DISCUSSION

In this report we have first developed rms phase and 8, formulas
based on a power-law-phase-screen model with an arbitrarily large outér-
scule cutoff. The formulaes allow full& for the angle depcﬁdence'bf the
3ignal moments in a highly anisotropic medfwm, We have shown that the .
power-1law-phuse-scraen model gives an accurate seslf-consistent description
of the phase and intensity scintillation under conditions of weak
(34 £ 0,4) intensity scinti? ation,

The height of the equivalent phase screen and the anisotropy of the
irregularity are the only free parameters in the theory. We have found
that the parameter sensitivity of the model is such that ressonable
bounds can be put on the height and anisotropy., We Lave not, howeber,
tried ﬁo carefully determine the morphongy of the irregularity height
here because this can be better accomplished by usiug the interferometer

data, That analysis is being reported separately (Rino and Livingstonm,
1978).

Our main purpose in presenting the analysis in this report 1is to
demonstrate the adequacy of the phase-screen model for translating the
routinely measured Wideband summary ,arameters to invariant irregularity
strength measures, Such translitions are necessary, for example, to
predict phase perturbation levels that might adversely affect advanced
surveill .nce satellite systems, They also enable us to predict intensicy
scintillation, particularly the equatorial gigshertz scintillation that
can adversely affect satellite commnicetion systems,

To demonstrate how the model can be used, let us consider a phase
screen at 350 km with a signal source at threze times this height dirﬁctly
overhead at the geomagnetic equator. We can then use Eq. (27) to predict
8, as a function of Cg+ Since we have used 200 km for the layer thickness
in deriving representative Cg values from our data, we shall slso apply
that value here, For 1llustrative purposes, we have used lsotropic
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irregularities and 100:1 rods. ZThus, {n Figure 22(a) we have nlotted
S, curves at 1 GHz -ersus C for v = 1,23 and the corresp nding rurves
in Figurs 22(b) for v = i, 5. Wa see that c, levels approaching 1022
correspond to significant levcls of gigahartz scintillation.

Our entire analysis is based on the aaaumptlon that tho three-
dimensional irregularity SDF has the form C /[q +4q ) The
corresponding spatial correlation function hll the form

R, O T T 5 K_q(ay) . (34)

It is easily showm that (ANi) as determined by evaluating ;ig QAN (y)
18 consistent with Eq. (7).

Now, if an in-situ probe scans the medium, the apectral density
function that characterizes the probe output is obtained by Fourier
transforming Eq. (34) with y replaced by vlst, vhere Ve is the effective
probe velocity analogous to Eq. (12). The resulting SDF is

c, rv-1/2)

1
P (f) = = . (35)
B 4x’rverr2) vI[q: + (2nf/v; y2q>"1/2

When 2nf/v; >> q_, 0,(£) = TIfzv-l. Thus, 1f 2 = 1,5, the in-sitv SDF

varies as f'z.

To detérmine'cc frounpé(f), one must know the anisotropy of the
irregularities and the probe velocity.” Moreover, the rms electron
density 1s subject to the same smbiguity as the r..s phase, However, if
we assume that q  # 2«/£°,~where ‘o is the effective length of data
interval used in estimating ¢P(f), then Eq. (7) csn be used to get some
idea of the actual density perturbation levels involved.

In Figure 23 we show the rms electron density versus ¢, for data
inteurvals varying logarithmically from 1.km to 1000 km. We see that
even for the 200-km layer we used for reference, the corresponding

gigahertsz Cq level of 10 22 gives rise to rms electron density excursions
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of less thau 1012 n/ns over 1 to 1000 km data intervals. Significamtly
smaller values result if the irregularities are extended over a larger
rezion, mui, we. find o 1nconun:cn§y between our scintillation
obsaxrvations and reported in-situ messurements,
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Appendix

NOISE CORRECTIONS FOR MEASURED 84 SCINTILLATION INDEX VALUES

If we apply the conventional model of a singal plus independent
additive white Gauesian nolse, it is easily shown that the measured
scintillation index Qa has the form

, 1/2

Ly sw?y /" (1 + SNR™

1y

§4 = (s‘,z4 + 2SNR™ (A-1)

where SNR denotes the powér signal~to-noise ratio, it is interesting

to rote ‘hat it Sq = 1, then 34 = 1 irrespective of SNR.

In geneval, however, the noise contribution causes §4 to be larger
than Sa. In Figure A-1 we have plotted the measured scintillation fnd ux
agalnst S, for different SNRe. It can be seen that when S4 < 0.1 'with
SNRs lesg than 30 dB, a noise covrection must be applied, For the
Wideband satellite data, the SNR is typically better than 30 dB.
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